Various sequences from the 5' end of the pea chloroplast gene for cytochromefhave been fused in the correct reading frame with lacZ, and the cellular location of the hybrid polypeptides in Escherichia cofi has been examined. Hybrid polypeptides containing N-terminal parts of cytochromef are located in the cytoplasmic membrane of E. colU. Membrane
localization is most efficient when the intact signal sequence of cytochrome f is present at the N-terminal end of the fusion proteins. Fusion within the signal sequence, so that the processing site is absent, reduces the efficiency of membrane binding. Membrane insertion of fusion proteins containing signal sequences is prevented in a temperature-sensitive secA strain at the nonpermissive temperature and the hybrid proteins accumulate in the cytoplasm. This indicates that specific recognition of the chloroplast signal sequence occurs in the bacterial secretory pathway.
minal extension (11) . Protein transport across the chloroplast envelope into the chloroplast is of the posttranslational type (12) with proteolytic processing of the extension occuring in the stroma (13) . Within the chloroplast, some chloroplastencoded proteins, such as cytochromef, are partially secreted across (or inserted into) the thylakoid membrane. Very little is known about the secretory mechanism involved in membrane localization of these thylakoid proteins. In this paper, we have taken advantage of an earlier demonstration that chloroplast genes can be expressed in E. coli because of their prokaryotic nature (14) . The pea cytochromefgene has been expressed as fusion proteins with ,3-galactosidase in E. coli to analyze sequences responsible for membrane insertion. It has been found that membrane insertion is mediated by the host secA product and this indicates that protein secretion in bacteria and chloroplasts is highly conserved.
Cytochromefis a chloroplast-encoded membrane protein (1) that is synthesized within the organelle (2) on membranebound ribosomes (3) . It is a component of the membranebound cytochrome b-f complex involved in photosynthetic electron transfer between photosystem II and photosystem I. The polypeptide has a transmembrane arrangement in the chloroplast thylakoid membrane, with the N-terminal region in the intrathylakoid space, and a 15 amino acid C-terminal sequence in the stroma (4) . A single membrane-spanning region near the C terminus holds the polypeptide in the membrane. Cytochrome f is synthesized as a higher molecular weight form in an Escherichia coli transcription-translation system, and it was suggested that a signal sequence may be present to enable the N-terminal part of the protein to be secreted across the thylakoid membrane (1). This suggestion was supported by DNA sequence analysis, which demonstrated that the amino acid sequence immediately preceding the mature N terminus had properties similar to signal sequences used to direct polypeptides to membrane locations (4).
Many proteins that are secreted are initially synthesized with an N-terminal, signal-sequence extension that is removed by proteolytic cleavage during or after passage through the membrane (5) . These signal sequences possess a very similar overall structure (6) and appear to be recognized across species barriers (7) (8) (9) . Both eukaryotes and prokaryotes have similar mechanisms for some aspects of secretion (5) and Kumamoto et al. (10) have suggested a signal-recognition particle (SRP)-like model for bacteria based on similarities of feedback mechanisms coupling secretion and translation in eukaryotes and prokaryotes.
In plant cells there are two identified types of transmembrane protein traffic that affect the chloroplast. Most chloroplast proteins are nuclear-encoded and synthesized on cytoplasmic ribosomes as precursors containing an N-ter-MATERIALS AND METHODS Plasmid Construction. p454 was constructed in the following manner. The Bgl II fragment, coding for the pea cytochrome f protein, from the plasmid pPscB3a (4) was inserted into pRZ112 (15) to make p448. A Sal I-Xho I fragment (the Sal I site being in the portion of TnS present in pRZ112) was isolated. This fragment contained part of the cytochromefgene, with the Xho I site cleaving in the region coding for the presumptive signal peptide (4). This fragment was inserted into the Sal I site of the pUC7 polylinker (16) which has an EcoRI site on both sides of the Sal I site. The fragment containing the cytochrome f gene could then be isolated in an EcoRI fragment and inserted into EcoRIcleaved pMC1403 (17) to make p454.
A HindIII fragment was isolated from p448 that carried the entire cytochromefgene and a small piece of TnS (4, 15) , and this fragment was inserted into pUC9 (16) to give p455. This plasmid was used to isolate fragments containing various lengths of the cytochrome f gene which, given the known DNA sequence (4), could be cloned in the plasmid p430 so that the resulting gene fusions would code for cytochrome f--galactosidase fusion polypeptides. [p430 is pMC1403 with the bacteriophage X promoter PL placed upstream of the lac operon (construction to be described elsewhere).] An EcoRI fragment was isolated from p455 and inserted into p430 to give p456; a BamHI fragment was isolated from p455 and inserted into p430 to give p458; a Sma I-Bcl I fragment was isolated from p455 and inserted into p430 to give p490 (see Immunodetection of Proteins. Plasmid-encoded protein synthesis was detected by incubating isolated minicells with
[35S]methionine, followed by incubation of aliquots with anti-cytochromef serum according to published methods (14, 18) . Cytochrome f-p3-galactosidase fusion proteins were detected in cell extracts by transfer to nitrocellulose and incubation with anti--3-galactosidase serum and "25I-labeled protein A (19) .
Membrane Isolation. Cultures (400 ml) ofE. coliMC1061 (17) , containing p454, p456, p458 or p490, or a Lac' strain 5K (20) partially induced with 0.1 mM isopropyl-,B-D-thiogalactoside (IPTG), were grown to OD6w 1.0 at 370C in L broth. Medium contained ampicillin (100,ug/ml) for cells harboring plasmids. The cells were collected by centrifugation and stored at -20(C. The thawed cells were sonicated for 30 sec at maximum setting in 6 ml of 0.1 M Tris Cl, pH 7.5/0.25 M sucrose/i mM EDTA/5 mM 2-mercaptoethanol. After whole cells were removed at 5000 x g for 15 min, the supernatants were centrifuged at 100,000 x g for 3 hr in a swinging-bucket rotor. The supernatant was retained, and the pellet was resuspended in the same volume ofbuffer and recentrifuged. The two supernatants were combined and the membrane pellet was resuspended in the same buffer. The soluble and membrane fractions were assayed for,galactosidase activity (21) .
Solubilization of Cytoplasmic Membranes. Cytoplasmic membranes were solubilized by use of sarkosyl (N-dodecanoylsarcosine) (22) . Sarkosyl was added to a washed membrane fraction to a final concentration of 0.5% (wt/vol). After 30 min at 200C the samples were centrifuged at 150,000 x gfor2 hr. The pellet was washed and recentrifuged, and the combined supernatants and membrane fractions were assayed for ,B-galactosidase. In control samples, sarkosyl was not added.
Sucrose Gradient Centrifugation. A sonicated cell extract was prepared as described above and whole cells were removed at 5000 x g for 15 min. Two milliliters of the supernatant was layered on 8 ml of 15% (wt/vol) sucrose/0.1 M Tris Cl, pH 7.5/1 mM EDTA/5 mM 2-mercaptoethanol, which was in turn underlaid with 2.5 ml of 70% (wt/vol) sucrose in the same buffer. The gradient was centrifuged in an 8 x 14 ml angle rotor at 220,000 x g for 30 min and allowed to stop without a brake (23) . Fractions (0.5 ml) were collected from the bottom of the gradient and assayed for ,B-galactosidase and NADH dehydrogenase (24) .
Expression of Fusion Proteins in a Temperature-Sensitive secA Strain. The secAts strain MM52 and the parental strain MC4100 (25) were lysogenized with XA and then transformed with p456 or p490. Cultures (400 ml) of cells in L broth with ampicillin were grown at 30°C to OD6w = 0.25. Cultures were either shifted to 41°C for the duration of the experiment or maintained at 30°C. Samples (25 ml) were removed at 1-hr intervals, and the cells were collected by centrifugation and frozen. Membrane and soluble fractions were prepared as described above and assayed for l3-galactosidase.
RESULTS

Synthesis of Cytochrome f and Cytochrome f Fusion Proteins.
The structural gene for pea cytochrome f is located on a 3.3-kilobase-pairBgl II fragment that has been inserted into the BamHI site ofpBR322 to give plasmid pPscB3a (1, 4) . When the purified Bgi II fragment is added to a coupled transcriptiontranslation system from E. coli, it directs the synthesis of a 39-kDa cytochrome f polypeptide, tentatively identified as a high molecular weight precursor (1) . This demonstrated that chloroplast nucleotide sequences were being used by the bacterial RNA polymerase and ribosomes. To determine whether this higher molecular weight form was synthesized in vivo, an E. coli minicell-producing strain was transformed with plasmid pPscB3a, the minicells were isolated, and plasmidencoded polypeptides were labeled with [35S]methionine. The demonstration of precursor-and mature-sized cytochrome f polypeptides in E. coli raises the intriguing possibility that processing is occurring. Minicells have been shown to process secretory proteins poorly, which might account for the presence of the precursor-size polypeptide. However, caution is required in this interpretation because of difficulties encountered in identifying the correct initiation methionine for the cytochrome f gene. The DNA sequence reveals three in-frame ATG initiation codons upstream from the mature N terminus, although only one is preceded by a recognizable ribosome-binding site (4) . The two forms of cytochromef synthesized in E. coli could arise by the use of two different translational start sites by the heterologous bacterial system.
Due to the very low levels of expression of the cytochrome f gene in E. coli cells, it was difficult to carry out cell fractionation or pulse-labeling experiments to determine whether signal-sequence recognition was occurring. To circumvent this problem, we constructed in-frame gene fusions with lacZ such that four different hybrid B-galactosidase molecules could be synthesized (Fig. 2) . This would enable the j3-galactosidase enzyme assay to be used in cell-fractionation and mutant-analysis experiments. The shortest fusion (p454) was at a Xho I site within the signal sequence, so that the cleavage site was not present in the fusion protein. The other fusion junctions were at an EcoRI site (p456), a BamHI site (p458), and aBcl I site (p490). These last three fusions had an intact signal sequence and contained 51, 134, and 224 N-terminal amino acids, respectively, of the mature cytochrome f protein (Fig. 2) . To confirm that fusion proteins of the anticipated sizes were synthesized with these constructs, immunoblot analysis was carried out. Fig. 3 shows the result of electrophoresing crude cell extracts on NaDodSO4/polyacrylamide gels, transferring the proteins to nitrocellulose, and then probing the transferred proteins with anti-p-galactosidase and '25I-labeled protein A. Lanes A-D represent extracts from cells containing the plasmids p490, p458, p456, and p454. Extracts from cells containing p443 (a fusion of lacZ with 10 codons of a chloroplast atpB gene) and a chromosomal lacZ M1S deletion were included on the gel as molecular weight standards (lanes E and F, respectively).
Clearly, the greater the amount of the cytochrome f gene fused to lacZ, the larger the hybrid protein becomes. The transformed with the plasmids coding for the cytochrome f-Pgalactosidase fusion polypeptides were grown to log phase, pelleted, and lysed. The extracts were electrophoresed in a NaDodSO4/6.5% polyacrylamide gel, transferred to a nitrocellulose filter, and incubated with anti-p-galactosidase serum and 125I-labeled protein A (19) .
Lanes: A, p490; B, p458; C, p456; D, p454; E, p443; F, M15 deletion. 375 (20) Cells (E coli 5K) containing cytochrome f-p-galactosidase fusion proteins or induced wild-type P-galactosidase were disrupted by sonication. The sonicate was separated into a washed membrane fraction and a cytoplasmic fraction by ultracentrifugation and then assayed for /-galactosidase activity.
*Units, nmol of o-nitrophenylgalactosidase hydrolyzed per min; numbers in parentheses show the percent distribution of total activity in the sonicate.
proteins encoded by p456, p458, and p490 also crossreacted with the anti-cytochrome f serum (data not shown).
Membrane Localization of Fusion Proteins. If the cytochrome f signal sequence is recognized by the E. coli secretory mechanism, we would expect fusion proteins with j3-galactosidase to behave in a fashion similar to proteins containing a bacterial signal sequence fused with /-galactosidase. A characteristic feature of these fusions is that they usually become stuck in the cytoplasmic membrane, probably because membrane-incompatible amino acid sequences in /3-galactosidase jam export sites (5, 27) . Table 1 shows the result of assaying a washed-membrane fraction and a cytoplasmic fraction from cells containing lacZ fusions or wild-type lacZ for ,B-galactosidase activity. Induced wild-type ,B-galactosidase activity from E. coli 5K cells is located primarily in the cytoplasm. Cytochrome f fusion proteins that contained the signal sequence (encoded by p456, p458, and p490), however, are located mainly in the membrane fraction. The p454-encoded fusion protein, which has a partially disrupted signal sequence, is distributed between the cytoplasm and the membrane fraction. The membrane-associated activity encoded by p454 can be washed off readily at low ionic strength (10 mM), suggesting that it is a weakly attached, peripheral membrane protein (28) . To demonstrate that cosedimentation of the signalsequence fusion proteins with the membrane fraction during differential centrifugation was not due to general insolubility, cell extracts were centrifuged in sucrose gradients. Fig. 4 shows a comparison of wild-type /-galactosidase activity (Top) and p490-encoded 3-galactosidase activity (Middle) when crude extracts are centrifuged in sucrose step-gradients. The wild-type enzyme is located mainly in the soluble fraction at the top of the gradient, but the enzyme fused to cytochromefis located in the lower part of the gradient. The gradients also were assayed for the inner membrane marker NADH dehydrogenase (24) , and the peak fraction coincided with the p490-encoded ,B-galactosidase activity (Fig. 4 Bottom).
The location ofthe fusion proteins in the inner membrane was demonstrated by using the differential solubility properties of the inner and outer membranes in the presence of sarkosyl and EDTA (22) . Table 2 Washed membranes were incubated without (control) or with sarkosyl, and the samples were centrifuged at 150,000 x g for 2 hr. The membrane-associated and soluble 3-galactosidase activities then were assayed. *Units, nmol of o-nitrophenylgalactoside hydrolyzed per min. chloroplast signal sequence is recognized as such in E. coli, particularly since disruption of the signal sequence (as encoded in p454) leads to inefficient membrane localization ( Table 1 ). Ifthis interpretation is correct, thenE. colimutants known to disrupt secretion of bacterial proteins would be expected to have an effect on cytochrome f signal sequence recognition and initiation of export.
The secA gene of E. coli is thought to encode a component ofthe bacterial secretion machinery, and mutations in this gene selectively interfere with the synthesis or export of secreted proteins (25, 28) . The strain MM52 is a temperature-sensitive conditional-lethal secA mutant (25) . At the nonpermissive temperature, the precursors of a number of secreted proteins accumulate in the cytoplasm, although some periplasmic proteins are correctly localized. Since the signal sequence-containing plasmids all contain a PL promoter requiring regulation by the cl-encoded repressor, the strain MM52 and its parental strain MC4100 were first lysogenized with XI and then transformed with p456 or p490. A wild-type cI gene was used rather than a temperature-sensitive cI, to prevent expression from PL during temperature-shift experiments. MM52(X) or MC4100(X) cells containing p490 were grown to early log phase at 300C and then were either shifted to 41(2 or maintained at 300( and were assayed for the cellular location of 13-galactosidase activity at various times. At 300(, the bulk of the enzyme activity was found in the washedmembrane fraction in both MM52(X) and MC4100(X) as shown by the low ratio of soluble to insoluble enzyme activity (Fig. 5) . However, at 410C, over a period of 3-4 hr this ratio in strain MM52(X) increased until most of the enzyme was in the soluble fraction and was not associated with the membranes. At this higher temperature the temiperature-sensitive SecA lesion is known to lead to a defect in export (25) . It appears that membrane insertion of the cytochrome f fusion protein is also affected by this defect. In the control strain MC4100(X) at 410C, most of the enzyme activity remained in the membrane fraction. An identical result was also obtained with the p456-encoded fusion protein. The presence of the (-galactosidase fusion proteins in the cytoplasm ofthe secAts strain after the temperature shift is not due to solubilization of the membrane-bound form by a simple high-temperature stress, since the fusion proteins remain membrane-bound in the parental strain at 410C. It is also not due to degradation Proc. Nad. Acad Sci. USA 82 (1985) Proc. Natl. Acad. Sci. USA 82 (1985) 7959 of the protein to release a soluble active fragment, because immunoblot analysis of membrane and cytoplasmic fractions reveals the presence of fusion proteins of identical size in both fractions (data not shown). Increased stability of fusion proteins in the secAts cytoplasm at 41TC, which could alter the ratio, is also not observed: the total cellular activity of ,/3galactosidase does not increase.
DISCUSSION
The results presented in this paper show that the signal sequence of the chloroplast protein cytochrome f is recognized by the E. coli secretory pathway, leading to initiation of export through the bacterial cytoplasmic membrane. This view is reinforced by the observation that deletion of the processing site and part of the signal sequence (p454) leads to inefficient membrane localization. Although export of the 3-galactosidase fusion proteins encoded by p456, p458, and p490 is initiated, complete secretion through the membrane into the periplasmic space is not observed. Near the C terminus of pea cytochrome f, there is a stretch of hydrophobic residues (251-270), which is thought to span the lipid bilayer as an a-helix and which is followed by three consecutive lysine residues (271-273) proposed to constitute a stop-transfer signal (4). All of these features, which may anchor cytochrome f in the membrane, are absent from the four (3-galactosidase fusion proteins (Fig. 2) , so the block to secretion probably resides in the f3-galactosidase part of the hybrid enzymes. The "jamming" of fusion proteins containing bacterial secretory information and 3-galactosidase into membranes has been observed frequently (5, 27) .
The synthesis of the cytochrome f-f-galactosidase fusion proteins is low in E. coli. Specific activity measurements range from 15 to 60 units/mg of protein, and the production of wild-type cytochromefin minicells (Fig. 1) is also low. We believe that this is a problem of translational efficiency, because even when the chloroplast gene is transcribed from the X PL promoter in the presence of the transcription antiterminator pN (29) , the resulting production of enzyme is low. When a wild-type cytochromef gene was present in the bacterial cells, no detectable cytochrome f protein could be detected in whole cells under conditions where the fusion proteins could be detected easily (unpublished results). The wild-type protein is presumably rejected from the E. coli membrane and degraded quickly.
We have no information on processing of the fusion proteins when they are inserted into the membrane, since it would be difficult to detect a difference between processed and unprocessed forms of such large proteins. It is tempting to speculate that the two cytochrome f polypeptides observed in minicells (Fig. 1 ) represent these two forms, especially since the smaller polypeptide has a mobility in NaDodSO4/polyacrylamide gels that is similar to that of the mature polypeptide found in the chloroplast. However, because of the three possible translational start sites present for pea cytochrome f (4) and other mechanisms that can result in different length polypeptides (30, 31) , it would be unwise to comment further without additional data. Cytochromef contains a heme-binding site located near the N terminus of the polypeptide (4), and we were interested to see whether E. coli could attach heme covalently to the site. The p454-and p490-encoded fusion proteins were extracted from cells of MC1061 (17) with Triton X-100 and adsorbed onto an anti-3-galactosidase affinity column. The polypeptides were eluted with 8 M urea (32) and electrophoresed in polyacrylamide gels containing NaDodSO4, which then were stained either for protein with Coomassie blue or for heme-associated peroxidase activity (26) . Although the fusion protein could be observed with the protein stain, the presence of heme could not be detected.
It has been shown that the signal sequence of nuclearencoded wheat a-amylase can be recognized in Saccharomyces cerevisiae, and that the enzyme can be processed and secreted into the medium (9) . We have evidence (unpublished) that the a-amylase signal sequence is recognized in E. coli. This paper shows that a chloroplast signal sequence is recognized in E. coli in a very specific way that requires the bacterial SecA protein.
There is, therefore, a considerable degree of functional homology between the signal sequences of plant proteins and the secretory mechanisms of these microorganisms. We think that a protein with a function analogous to the SecA protein may be involved in insertion of pea cytochromef into the chloroplast thylakoid membrane.
We are grateful to J. Beckwith, N. E. Murray, M. Casadaban, J. Messing, and E. Remaut for strains and plasmids. This work was funded in part by the National Research Development Corporation and by the Science and Engineering Research Council.
